Besides the classical respiratory and systemic symptoms, unusual complications of influenza A infection in humans involve the skeletal muscles. Numerous cases of acute myopathy and/or rhabdomyolysis have been reported, particularly following the outbreak of pandemic influenza A(H1N1) in 2009. The pathogenesis of these influenzaassociated myopathies (IAM) remains unkown, although the direct infection of muscle cells is suspected. Here, we studied the susceptibility of cultured human primary muscle cells to a 2009 pandemic and a 2008 seasonal influenza A(H1N1) isolate. Using cells from different donors, we found that differentiated muscle cells (i. e. myotubes) were highly susceptible to infection by both influenza A(H1N1) isolates, whereas undifferentiated cells (i. e. myoblasts) were partially resistant. The receptors for influenza viruses, α2-6 and α2-3 linked sialic acids, were detected on the surface of myotubes and myoblasts. Time line of viral nucleoprotein (NP) expression and nuclear export showed that the first steps of the viral replication cycle could take place in muscle cells. Infected myotubes and myoblasts exhibited budding virions and nuclear inclusions as observed by transmission electron microscopy and correlative light and electron microscopy. Myotubes, but not myoblasts, yielded infectious virus progeny that could further infect naive muscle cells after proteolytic treatment. Infection led to a cytopathic effect with the lysis of muscle cells, as characterized by the release of lactate dehydrogenase. The secretion of proinflammatory cytokines by muscle cells was not affected following infection. Our results are compatible with the hypothesis of a direct muscle infection causing rhabdomyolysis in IAM patients.
Introduction
Influenza viruses are enveloped negative-stranded RNA viruses, members of the Orthomyxoviridae family. In humans, they usually cause an acute, self-limited illness, characterized by respiratory and systemic symptoms. The former include nasal congestion, cough and sore throat, and are caused by viral replication and local inflammation in the respiratory tract, while the latter can include fever, headache, fatigue, chills and myalgia [1] , and could be due to systemic cytokine responses [2] .
Besides the classical myalgia, unusual complications of influenza A and B infection can affect skeletal muscles [1] . In children, an acute myopathy following respiratory infection, called "myalgia cruris epidemica" or "benign acute childhood myositis", was first described in 1957 [3] . It is associated with several infectious agents, but occurs predominantly after infection by influenza viruses, mainly of type B [4] [5] [6] [7] . Muscle symptoms usually begin a few days after onset of classical influenza symptoms and are typically characterized by bilateral calf pain and tenderness, leading to difficulties with ambulation. The disease is frequently associated with a rhabdomyolysis, as assessed by elevated plasma creatine kinase levels, with rare cases of myoglobinuria. It is more often seen in school-aged boys and is generally self-limited without sequelae [4, 7] . In adults, a less characteristic muscle complication may also occur, with generalized weakness and rhabdomyolysis, often leading to myoglobinuria, and predominantly associated with influenza A virus infection [8, 9] . Patients with severe rhabdomyolysis can develop a life-threatening acute renal failure [10] or compartment syndrome [11] .
In April 2009, a new influenza A(H1N1) virus of swine origin appeared in Mexico and rapidly caused a new pandemic as it spread worldwide. Several publications have reported skeletal muscle damage after infection with this pandemic virus. Increased serum creatine kinase (CK) levels were observed in 10 out of 16 patients with pneumonia [12] . Higher CK levels were also measured in non-survivor compared to survivor patients [13] , and in critically ill compared to mildly ill patients [14] . Multiple cases of myopathies associated with pandemic influenza in children and adults were also reported [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] , although the absence of epidemiological studies precludes any conclusion about a possible higher association of this new virus with muscular disease.
The pathogenesis of influenza associated myopathies (IAM) is poorly known and could be immune-mediated, and/or triggered by direct muscle infection [1] as in alphavirus-induced myositis [25, 26] . Although the hypothesis of a "cytokine storm" contributing to the development of IAM is sometimes put forward, levels of proinflammatory cytokines were rarely measured in IAM patients. The data available for one patient with IAM, acute renal failure and myocarditis, show moderate levels of serum proinflammatory cytokines, as observed in most patients with influenza A infection [27] . Rare histological observations from muscle biopsies reveal signs of muscle regeneration together with fiber necrosis, the latter being either moderate and patchy, or more extensive [11, [28] [29] [30] [31] [32] [33] [34] [35] [36] . Although macrophage infiltration may, rarely, be seen, inflammatory infiltrates are generally absent, thus arguing against the hypothesis of an immune-mediated disease and suggesting that IAM is not a true inflammatory myopathy [1] . Although several attempts at isolating the virus from muscle biopsies have failed [11, 28, 29, 31, 33, [35] [36] [37] [38] , A and B influenza viruses have been recovered from muscle biopsy specimens of patients with IAM [30] [31] [32] [33] 35, 39] . In one case, viral particles and viral antigens in muscle cells were also detected in situ [30] . More recently, three fatal cases of pneumonia due to the new influenza A H1N1 pandemic virus showed multiple organ invasion with viral particles being detected in the skeletal muscle [40] .
In experimentally infected mice, viral RNA was detected in the skeletal muscle of animals inoculated intranasally with an influenza B virus [41] , and a non-permissive infection of muscle fibers was reported when the virus was inoculated intramuscularly [42] . These results suggest that IAM could be due to direct infection of muscle cells. Nevertheless, it remains unclear whether influenza viruses can propagate in skeletal muscles. In vitro studies on human primary muscle cells report productive infection of differentiated multinucleated myotubes by influenza A(H3N2) viruses [43] , by the neurotropic A/WSN/33 strain [44] , and by influenza B viruses [45] whereas the susceptibility of undifferentiated myoblasts to infection remains unclear and seems to depend on the viral strain that is being used [43] . One recent publication reports productive infection of a rhabdomyosarcoma cell line by pandemic and seasonal H1N1 influenza viruses [46] , but the susceptibility of primary differentiated and undifferentiated human muscle cells to influenza A(H1N1) field isolates has never been studied to date.
In the present study, we assessed the susceptibility of primary human skeletal muscle cells to two influenza A(H1N1) field isolates representative of the 2009 pandemic (A/California/ 7/2009) and the 2008 seasonal (A/Paris/1149/2008) viruses. This question was addressed both with undifferentiated, proliferative cells (i. e. myoblasts) and in vitro-differentiated, multinucleated cells (i. e. myotubes). We show that myotubes, and to a lesser extent undifferentiated myoblasts, are susceptible to influenza viruses, and that differentiated myotubes produce an infectious viral progeny. Infection of both undifferentiated and differentiated primary muscle cells leads to cell lysis but has no effect on the secretion of pro-inflammatory cytokines.
Results

Influenza A(H1N1) can infect primary human muscle cells
Primary human muscle cells, either differentiated or not, were infected at a high multiplicity of infection (MOI) (i.e. 30 pfu/plated cell) with the pandemic A/California/7/2009 and the seasonal A/Paris/1149/2008 influenza A(H1N1) isolates. The expression of the viral nucleoprotein (NP) was then assessed by indirect immunofluorescence staining. Of note, as we did not add TPCK-trypsin in the culture medium, we expected a single cycle of infection to occur. Nuclear NP immunoreactivity was first detected in desmin-positive, multinucleated, differentiated myotubes at 4 hours post-infection (hPI) with the seasonal virus A/Paris/1149/2008, and between 4 and 6 hPI with the pandemic virus A/California/7/2009 ( Figure 1A) . NP immunoreactivity was further detected in the nucleus and cytoplasm of myotubes at 6 hPI and afterwards. In undifferentiated, mononucleated myoblasts, nuclear NP immunoreactivity first appeared at 6 hPI ( Figure 1B) . Cytoplasmic NP immunoreactivity was detected between 8 and 10 hPI in myoblasts infected with the A/Paris/1149/2008 virus, and after 10 hPI with the A/California/7/2009 virus. At 18 hPI, with both viral isolates, infected myotubes showed a strong and mainly cytoplasmic NP expression, whereas a fraction of infected myoblasts still exhibited a strictly nuclear NP expression. The specificity of the NP staining was checked at 24 hPI in myoblasts and myotubes, using another antibody raised against influenza A(H1N1) (data not shown).
These data demonstrate that influenza A(H1N1) viruses can infect primary human muscle cells in vitro, and that the first steps of the viral cycle can take place in both differentiated and undifferentiated muscle cells. Interestingly, the onset of NP expression and nuclear export occurred later in myoblasts than in myotubes. In addition, in myotubes as well as in myoblasts, the time line of NP expression was slightly delayed for the A/ California/7/2009 isolate when compared to the A/Paris/ 1149/2008 isolate, a feature that was also observed in MDCK cells (data not shown).
Myotubes are highly susceptible to influenza A(H1N1) virus infection
We further assessed the susceptibility of human muscle cells to both influenza A(H1N1) viruses, using various MOIs (0.3, 3 and 30 pfu/plated cells) and muscle cells derived from 3 different healthy donors. We quantified the proportion of cells expressing NP in differentiated myotubes (i. e. cells expressing desmin and containing more than 3 nuclei), and in undifferentiated myoblasts (i. e. mononucleated cells expressing desmin or NCAM), by immunofluorescence and/or flow cytometry, at 24 hPI in the absence of TPCK-trypsin in the culture medium (Figure 2 ). Myotubes were shown to be highly sensitive to infection by both isolates, nearly all of them being positively stained for NP at a MOI of 30 or 3, and most of them at a MOI of 0.3 (Figure 2A, 2C, 2E ). No differences were seen between the two isolates or between the primary cultures from the three different donors.
Myoblasts were less sensitive than myotubes to infection by influenza A(H1N1) viruses since the proportion of NP-positive cells varied from 2.8 to 19% at a MOI of 30 pfu/myoblast, depending on the donor and the viral isolate, and was below 11% at lower MOIs ( Figure 2B, 2D, 2F , filled bars). Of note, even at a higher MOI of 300, a high proportion of myoblasts did not express detectable levels of NP (data not shown).
Interestingly, myoblasts from the 3 different donors seemed slightly more sensitive to the A/Paris/1149/2008 seasonal isolate than to the A/California/7/2009 pandemic isolate. This trend was confirmed when myoblasts from the CHQ donor were infected at various MOIs and analysed by flow cytometry, using NCAM immunoreactivity to identify myoblasts, and an anti-NP antibody. The proportion of NP-expressing CHQ myoblasts was repeatedly found to be higher with the A/Paris/ 1149/2008 isolate than with the A/California/7/2009 isolate ( Figure 2B , open bars) (p<0.0001, Mann-Whitney U-test). We checked that the differences observed between myotubes and myoblasts were not due to the presence or absence of serum in the culture medium (0% for myotubes vs 20% for myoblasts), by infecting MDCK-SIAT cells with either of the two viruses in the presence of 0, 5 or 20% serum for 6 hours. The proportion of infected cells was then determined by intracellular staining of NP and flow cytometry, and the serum concentration had no effect on the proportion of infected cells (data not shown). Overall, our data indicate that differentiated myotubes are highly susceptible whereas myoblasts are partially resistant to infection by pandemic and seasonal influenza A(H1N1) viruses.
Influenza A virus receptors are present at the surface of human muscle cells
We asked whether the difference in susceptibility to influenza A virus infection was related to differences in the expression of viral receptors at the surface of myoblasts and myotubes. Indeed, host range and tissue tropism of influenza viruses are in part determined by the specificity of their surface glycoproteins for their receptors, sialic acids attached to galactose by an α2-6 or an α2-3 linkage [47] . Thus, we investigated the presence of α2-6 and α2-3 linked sialic acids on the surface of muscle cells using specific lectins. Both myoblasts and myotubes stained positive with the lectins MAAII (which binds preferentially to α2-3 linked sialic acids) and SNA (which binds preferentially to α2-6 linked sialic acids), as did MDCK-SIAT cells used as a control (not shown) ( Figure 3A) . These data suggest that both cells express influenza A virus receptors, and that there are no major differences in the distribution of α2-6 and α2-3 sialic acid receptors at the surface of myoblasts and myotubes. The use of flow cytofluorometry allowed us to confirm that majority of NCAM+ myoblasts from the CHQ donor and two additional donors, KM46C38 and KM49C, were stained with both lectins, as were control MDCK-SIAT cells (Figure 3B and 3C) . Unfortunately, flow cytofluorometry analysis of myotubes is precluded by their large size. However, interestingly, we found that the ratio of α2-6 linked over α2-3 linked sialic acids is lower in myoblasts than in MDCK-SIAT cells, which could contribute to their low susceptibility to human influenza A viruses.
Influenza A(H1N1) viruses undergo productive replication in human muscle cells
We examined whether influenza A viruses could undergo productive replication following infection of muscle cells at a MOI of 0.3 pfu/plated cell, by measuring the infectious titer in the supernatants of infected cells at various time points ( Figure  4A , 4B). To allow the maturation of the viral hemagglutinin HA, samples were treated with 1µg/ml TPCK-trypsin before titration by plaque assay. This treatment was sufficient to allow complete maturation of both viruses, as assessed by testing increasing concentrations of trypsin (data not shown). In the supernatants of myotubes (Figure 4A ), the infectious titers increased as early as 8 hPI, and reached a maximum 48h PI before decreasing, probably due to cell death and degradation of virions. The pandemic virus was produced at higher titers than the seasonal virus.
In the supernatants of myoblasts ( Figure 4B ), we did not observe any increase in the viral titer following infection. However, the presence of serum in myoblast cultures decreases the sensitivity and accuracy of the plaque assay, possibly masking low variations in viral production. Thus, we extracted RNA from supernatants and from the corresponding cells to quantify the production of viral genomic and messenger RNAs from the M segment ( Figure 4C ). In supernatants, the amounts of M RNAs increased moderately with time for both isolates. However, the sharp accumulation of M RNAs observed in cellular extracts for both isolates indicated that influenza viruses undergo no major transcription/replication defect in myoblasts.
To determine whether the viral particles produced by myotubes were able to infect muscle cells, the supernatants of CHQ myotubes collected at 48 hPI were used to infect myotubes and myoblasts derived from the same donor. When the viral inoculum was pre-treated with TPCK-trypsin, NP expression was detected 24 hours later in muscle cells ( Figure  4D , 4E, + trypsin). In contrast, in the absence of protease treatment, muscle cells were not infected ( Figure 4D , 4E, -trypsin), which indicates that the HA is not efficiently cleaved in cultures of myotubes.
Viral budding occurs in myotubes and in myoblasts
The low infectivity and M RNA quantity in supernatants from infected myoblasts prompted us to check whether viral budding occurred in muscle cells, by means of transmission electron microscopy (TEM), 20 hours after infection at a MOI of 30 pfu/ plated cell. In myotubes, we were able to observe both filamentous and spherical extracellular and budding virions, mostly at the cell surface, that were absent in non-infected cell samples ( Figure 5A, 5C, 5G, arrowheads. ). Virions were also rarely observed in seemingly intracellular vesicles, which are most likely extracellular spaces between the cells and the surface of the culture plate, due to the local invagination of the plasma membrane ( Figure 5C, 5E, arrowheads) . These particles exhibited the typical morphology of influenza viruses: a diameter of 80 to 100 nm and spikes ( Figure 5F ), and for some of them, a dense area at one pole that suggested the presence of ribonucleoparticles (RNPs). Most analyzed infected cells presented nuclear inclusions of dense material that were never observed in uninfected cells ( Figure 5B, 5D , 5H, arrows) and were distinct from nucleoli ( Figure 5B, 5D , 5H, stars). Virions and nuclear aggregates were also observed in control cultures of MDCK-SIAT infected with the A/California/ 7/2009 virus ( Figure 5I and 5J) .
Using the same technique, only rare virions could be observed in myoblast cultures (data not shown). Thus, we conducted correlative light and electron microscopy (CLEM) to specifically observe desmin-positive and NP-expressing myoblasts and distinguish myoblasts from the small fraction of desmin-negative cells that are also present in the culture. We found extracellular virions close to several NP-expressing myoblasts as well as around NP-expressing, desmin-negative cells. Most of the studied NP-expressing myoblasts exhibited budding virions, or virions trapped between the cell and the culture stand ( Figure 5M, 5N, 5P , 5Q, 5R, 5T, arrowheads). In addition, nuclear aggregates identical to those seen in myotubes and in infected MDCK-SIAT cells were also detected in nearly all infected myoblasts ( Figure 5O , 5S, arrows) but not in uninfected ones ( Figure 5L) .
A total of 31 individual cells were screened using this technique, and the frequency of extracellular virions, budding events and/or nuclear aggregates was assessed for 11 and 15 NP-expressing cells for the pandemic and seasonal viruses, respectively, as well as 5 NP-negative control cells (Table 1) . Overall, 55 to 60 % of analysed infected cells exhibited viral budding at their membrane and 100% presented at least one feature of infection. From our data we conclude that not only myotubes, but also myoblasts, are able to yield influenza A(H1N1) virions.
Influenza A(H1N1) infection of myotubes and myobasts leads to cell lysis
Myoblasts and myotubes cultures were infected at a high MOI of 30 pfu/plated cell and cell morphology was further assessed by indirect immunofluorescence at various time Figure 3 . Detection of sialic acids at the surface of human muscle cells. A. α2-3 and α2-6 linked sialic acids were detected on non-permeabilized muscle cells (myoblasts and myotubes) from donor CHQ by using the biotinylated lectins MAAII and SNA, respectively. Lectin binding was further revealed by Streptavidin-A488 staining (green), and cells were permeabilized for detection of intracellular desmin (red) by immunofluorescence. B. The MAAII and SNA lectins were used for the detection of the two types of sialic acids by cytofluorometry, on non-permeabilized myoblasts from 3 different donors (CHQ, KM46C38, KM49C) and MDCK-SIAT cells as a control. Cells were then permeabilized for the staining of NCAM. The geometric mean of fluorescence intensity (GeoMFI) for each condition (no lectin, grey; MAAII, light green; SNA, dark green) is given for the total population of MDCK cells (which were NCAM-negative) and for the NCAM-positive population in myoblast cultures. Data are the mean of two duplicates with standard deviation as error bar, and represent two independent experiments. C. Distribution of the lectin staining intensities in the NCAM-positive population of CHQ myoblasts stained with MAAII (light green) and SNA (dark green). points after infection (Figure 6A, 6B) . In cultures of infected myotubes, NP-expressing cells started shrinking and detaching at 48 hPI, while non-infected myotubes degenerated after 72 hPI. The NP immunoreactivity pattern became irregular and patchy in most infected myotubes at 48 hPI, but the actin cytoskeleton was not altered (Figure 6A) . In infected myoblasts, NP-expressing cells also started rounding and detaching at 48 hPI, and this was accompanied by a disruption of the actin cytoskeleton and a loss of stress fibers, whereas no nuclear alterations were seen ( Figure 6B) . Uninfected, NPnegative cells did not exhibit any morphological changes during the same period.
In parallel, we measured the amount of lactate dehydrogenase (LDH) in the culture supernatant to quantify cell lysis and calculate a cell permeabilization index. This index began to increase at 48 hPI in cultures of myotubes infected by the seasonal virus ( Figure 6C , green bars), at 72 hPI in cultures of myotubes infected by the pandemic virus ( Figure  6C , blue bars) and at 72 hPI in cultures of myoblasts for both viral isolates (Figure 6D) . Thus, the cytopathic effect observed by immunofluorescence was followed by an increase in cell permeability, indicating that infection of myotubes and myoblasts by influenza A(H1N1) viruses leads to cell lysis.
Infection does not affect the secretion of cytokines by muscle cells
We assessed the concentration of 5 cytokines (IFNα, IFNγ, TNFα, IL-6, IL-8) and 1 chemokine (MCP-1) in the supernatant of cultured myoblasts or myotubes at 8 hPI (Figure 7A, 7B ) and 24 hPI (Figure 7C, 7D) . In the supernatants of myotubes, whether infected or not, all proteins were undetectable except IFNα, whose levels were just above the detection threshold in all conditions (Figure 7A, 7C) . High levels of MCP-1, IL-6 and moderate levels of IL-8 were detected in the supernatant of mock-infected myoblasts at 8 hPI, and even more so at 24 hPI ( Figure 7B , 7D, white bars), which probably corresponded to the accumulation of these proteins over time, in agreement with the literature [48] . IFNα, TNFα and IFNγ remained below or just above the detection threshold. Infection by the pandemic or the seasonal influenza A(H1N1) viruses had no effect on the secretion of the tested proteins ( Figure 7B, 7D , blue and green bars) .
Discussion
Several hypotheses may explain the development of an acute myopathy associated with influenza virus infection (IAM). Among them, the direct infection and lysis of muscle cells [1, 49] is supported by the isolation of influenza viruses from IAM patients' skeletal muscle samples, or the observation of viral particles in muscle tissue [30] [31] [32] [33] 35, 39, 40] . Extrapulmonary replication of influenza viruses is rarely reported in infected individuals, but viremia is sometimes detected even in patients with mild disease and was found in pandemic influenza A (H1N1) patients with acute illness and with elevated CK levels [49] . Besides, influenza viruses seem to replicate in the myocardium during influenza-induced myocarditis [11] , and viral particles were detected in the skeletal muscle of three fatal cases of pneumonia with multiple organ invasion due to the influenza A (H1N1) pandemic virus [44] . Previous work on animal models and muscle cell cultures suggested that influenza viruses could indeed infect the skeletal muscle, but with conflicting results about the productivity of infection and the induction of a local inflammation [42, 43] .
To further assess the susceptibility of human skeletal muscle to influenza A(H1N1) viruses and to examine whether it is modulated upon differentiation of myoblasts into myotubes, we took advantage of primary cultures of human muscle cells that are able to differentiate in vitro. This model has been recently used in our laboratory to study skeletal muscle infection by the Chikungunya virus, where it recapitulated observations made on muscle biopsies from virus-infected patients [26] . Previous studies using primary cultures of muscle cells suggested a productive infection of differentiated myotubes by influenza B and influenza A(H3N2) viruses, and by the neurotropic A/WSN/33 strain [43] [44] [45] . The susceptibility of myoblasts to infection and their ability to produce infectious virions remains unclear [43] , mostly because it was not explored with recent, more sensitive techniques. Here, we combined recent molecular and imaging techniques to address these questions. We also took advantage of early passages of influenza A(H1N1) field isolates to avoid a possible effect of cell culture adaptation on viral tropism. Using muscle cells from three different donors, we found that myotubes are highly susceptible to infection with influenza A(H1N1) viruses (Figure 2 ), in agreement with the detection of α2-6 and α2-3 linked sialic acids at their surface (Figure 3) . The increase of infectious titers in the supernatants from myotubes (Figure 4) taken together with the detection by means of transmission electron microscopy (TEM) of numerous budding and extracellular virions (Figure 5) , strongly suggest that mature infectious virions are produced from infected myotubes. We also showed that infectious viruses produced by myotubes require TPCK-trypsin treatment to further infect muscle cells (Figure 4) . Thus, propagation of influenza viruses in the muscle tissue would require a local expression of adequate proteases for the maturation of HA. Plasminogen-derived plasmin, which is able to cleave HA [50] , could facilitate influenza virus propagation in the muscle, as plasminogen is ubiquitous and the urokinase-type plasminogen activator is expressed by muscle cells during regeneration [51] . The local induction of expression of other proteases upon infection, as observed in the myocardium during influenza-associated myocarditis [52] , could also favour viral propagation. To address these questions, identification of active proteases in muscle biopsies from IAM patients would be required.
Unlike myotubes, myoblasts appeared partially resistant to infection with influenza A(H1N1) viruses. As myoblasts are smaller in size, they are less likely than myotubes to encounter a viral particle, which could reduce their susceptibility to infection. However, the mean number of nuclei per myotubes being around 7 in our cultures (data not shown), the difference in size between myoblasts and myotubes cannot fully account for the large differences in the proportions of infected cells, which are more likely due to the differentiation state. The low proportion of NP-expressing myoblasts, even at high MOIs, suggests that an early blockade, at the step of viral entry or post-entry, is restricting the replication of influenza A(H1N1) viruses in a subpopulation of these cells, in agreement with an earlier study [43] . The tissue tropism and host range of influenza viruses is determined in part by the receptor specificity of their surface glycoproteins [47] .. It is commonly accepted that human influenza A viruses bind preferentially to sialic acids attached to galactose by an α2-6 linkage, although recent studies point to the wide diversity of α2-6 and α2-3 linked sialic acids at the surface of the human respiratory tract epithelium, and to the complexity of the determinants of influenza virus efficient binding [53] . To our knowledge, the presence of α2-3 or α2-6 linked sialic acids on the surface of muscle cells has not been assessed up until now. Here we detected both α2-6 (bound by SNA lectin) and α2-3 (bound by MAAII lectin) linked sialic acids at the surface of myoblasts (Figure 3) . In an attempt to compare more precisely the distribution of influenza virus receptors on myotubes versus myoblasts, we used serial dilutions of the lectins. We could not find an experimental condition in which one cell type was stained while the other was not, following serial dilutions (data not shown), which suggest that there were no major differences in the levels of α2-6 and α2-3 linked sialic acids present at the surface of myoblasts and myotubes. In cytofluorometry, the distribution of lectin staining on NCAM+ myoblasts was monomodal without a separate negative population ( Figure  3C ). This does not rule out that the sub-population of cells with lower α2-6 and/or α2-3 sialic acid expression might be resistant to infection at the entry level [53] . Overall, the heterogeneity of susceptibility to influenza A H1N1 viruses in myoblast population remains to be understood, and could be related to different states of proliferation, activation or differentiation. Although some myoblasts did express NP after infection, they showed several differences when compared to infected myotubes. First, the onset of NP expression and nuclear export occurred later in myoblasts than in myotubes. Second, myoblasts with a strictly nuclear NP immunoreactivity were detected at 18 hPI and at later time points, whereas NP staining was mostly cytoplasmic in myotubes at this late time point. Third, no increase in infectious titers could be measured and only a low increase in extracellular M RNA levels was detected in myoblasts' supernatants, although cell-associated M RNA levels did increase. Correlative light and electron microscopy (CLEM) demonstrated that most NP-expressing myoblasts showed signs of virion budding (Table 1, Figure 5) . However, as > 40% of such cells did not exhibit viral budding, and as budding virions may not be infectious, a partial defect in the late steps of the viral cycle cannot be ruled out. Overall, our observations suggest that several distinct blockades of the viral cycle, not only at an early step of the viral cycle but also possibly at the step of RNP nuclear export and/or at the step of virion assembly or budding, could impair the production of a mature viral progeny by myoblasts.
In previous studies, influenza A or B virus infection of muscle cells led to a cytopathic effect with release of intracellular content 2 days PI [43, 45] , which was also observed in the present study (Figure 6 ). Although influenza A viruses are usually pro-apoptotic, infected muscle cells exhibited necrotic rather than apoptotic features (Figure 6) , consistently with their known resistance to apoptosis [54] and with the rhabdomyolysis and fiber necrosis observed in IAM patients [30, 32] . We also show that infection of muscle cells with influenza A viruses does not induce the secretion of proinflammatory cytokines (Figure 7) . In particular, the constitutive secretion of IL-6, MCP-1 and IL-8 by myoblasts, which was previously described [48] and was confirmed in our experiments, was not affected by influenza A virus infection. Our in vitro model seems to recapitulate the in vivo findings of muscle necrosis and low inflammation in IAM biopsies, and suggests that a direct cytopathic effect of influenza virus infection could trigger the rhabdomyolysis observed in affected patients. However, the existence of other pathogenic mechanisms cannot be ruled out. Indeed, quiescent satellite cells and fully matured fibres may respond differently to influenza A virus infection than cells in our in vitro model, which consists of proliferating myoblasts and multinucleated myotubes mimicking those found in a regenerating muscle. Interestingly, previous studies in the murine model suggested that induction of muscle regeneration might increase the susceptibility of the muscle tissue to influenza viruses [44, 55] . Further understanding of the pathogenesis of IAM will require combined analysis of muscle biopsies from affected patients and their local and systemic immune status.
Materials and Methods
Cells and viruses
Human muscle cells (myoblasts) from three different healthy donors were obtained from the AFM cell bank (Association Française contre les Myopathies -Généthon). They were isolated as previously described [56] , in accordance with the French legislation on bioethics, and with informed consent of the patient or his legal representative. Primary myoblasts were originally isolated from the quadriceps of a 5-day-old infant (CHQ), a 14-year old boy (KMSC162C14), a 25-year old man (C25), a 38-year old man (KM46C38) and a 49-year old man (KM49C). Myoblasts in primary culture were grown in F10-Ham with GlutaMax (Gibco) supplemented with 20% heatinactivated foetal bovine serum (FBS, Gibco) and gentamycin (50µg/ml, Euromedex). To allow their differentiation into myotubes, myoblasts were washed twice with Dulbecco modified Eagle's medium (D-MEM, Gibco) supplemented with GlutaMax and gentamycin, and then grown in differentiation medium, i.e. D-MEM with GlutaMax, gentamycin, insulin (10µg/ml, Sigma) and transferrin (100µg/ml, Sigma). MDCK-SIAT cells were grown in modified Eagle's medium (MEM, Gibco) supplemented with gentamycin, glutamine (2mM), tricine (8mM) and 5% FBS.
The influenza viruses A/California/07/2009, kindly provided by Alan Hay (NIMR, London, UK), and A/Paris/1149/2008, isolated by the National Reference Center for influenza (Northern France), were amplified by two serial passages at a multiplicity of infection of 10 -4 pfu/cell on MDCK cells. They were titrated using a plaque assay adapted from Matrosovitch et al. [57] on MDCK-SIAT cells.
Infections
For immunofluorescence, electron microscopy and viral production experiments, myoblasts were plated at a density of 15.10 3 cells / cm 2 , on coverslips in 24-wells plates or on 6-wells plates. For measurement of lactate dehydrogenase (LDH) or cytokine release, myoblasts were plated at a density of 20.10 3 cells / cm 2 on flat-bottom 96-wells plates. For cytofluorometry, myoblasts were plated at a density of 20.10 3 cells / cm 2 on 6-wells plates. To obtain myotubes, myoblasts were plated at the same density, left in their medium for 2 days and then incubated in differentiation medium for 5 to 6 days. When used for culture of myotubes, coverslips were previously coated with collagen type 1 (Rat tail, BD). Multiplicity of infection (MOI) was calculated as the number of plaque forming units (pfu, as assessed on MDCK cells) per initially plated myoblast. Myoblasts were infected one day after plating, and myotubes after 5 or 6 days of differentiation. Before infection, cells were washed twice with phosphate-buffered saline (PBS) to remove serum. Virus was added on cells in a minimal volume of D-MEM supplemented with gentamycin without serum. After one hour of incubation, cells were washed with PBS and culture medium not supplemented with TPCK-trypsin was added.
Immunofluorescence staining and light microscopy
Cells were fixed in PBS containing 4% paraformaldehyde (Sigma) and washed in PBS. Saturation and permeabilization were performed in PBS with 10% normal goat serum (Vector) and 0.1% Triton X-100 (Sigma). Coverslips were incubated with the following dilutions of primary and secondary antibodies: anti-NP mouse IgG2b, 1/200 (Argene) and FITCcoupled anti-mouse Ig, 1/100 (Vector). For actin staining, a 1/300 dilution of A567-coupled phalloidin (Invitrogen) was added to the solution of secondary antibody. For desmin staining, coverslips were incubated in a 1/100 dilution of antidesmin rabbit polyclonal antibody (Abcam) overnight at 4°C, and then in a 1/1000 dilution of Alexa-547 coupled anti-rabbit IgG secondary antibody (Pierce). For co-staining of NP and influenza A H1N1 antigens, cells were permeabilized in PBS with 0.1% Triton X-100 and saturated with 2.5% normal horse serum. Coverslips were incubated in a 1/100 dilution of antiinfluenza A(H1N1) virions goat polyclonal antibody (Abcam) and then in a 1/100 dilution of donkey anti-goat Ig (Vector). The preparation was further fixed in 4% paraformaldehyde (Sigma), and further saturated with 10% normal goat serum. Then, immunostaining of NP and desmin were conducted as already described. Coverslips were finally mounted in DAPIFluoromount G (Southern Biotech) on Superfrost-plus microscope slides (Thermo Scientific). Images were acquired and analysed with a Zeiss AxioPlan fluorescent microscope with a Zeiss AxioCam camera and analysed with the Zeiss AxioVision software.
Cytofluorometry
At 24 hours post-infection (hPI), myoblasts were washed with PBS-EDTA 1%, incubated in PBS-EDTA 1% at 37°C, harvested and fixed in PBS with 1% paraformaldehyde (Sigma). After PBS washing, cells were further incubated in 50µl PBS containing 1% bovine serum albumin (BSA) and 0.05% saponin, anti-NCAM polyclonal goat antibody 1/10 (R&D Systems) and anti-NP monoclonal mouse antibody 1/200 (Argene) and then in 50µl PBS, 1% BSA, 0.05% saponin with APC-coupled anti-goat IgG antibody, 1/25 (R&D Systems) and FITC-coupled anti-mouse IgG, 1/100 (Vector). Samples were assayed using a FACSCalibur cytofluorometer (BecktonDickinson) and results were analysed using CellQuest and FlowJo softwares.
Detection of sialic acids
MDCK and myoblasts were plated the day before, and myotubes were put to differentiate for 5 days before staining. Cells were washed once in PBS containing 1% FBS, and incubated live for 1h at 4°C in PBS, FBS 1% with biotinylated Maackia Amurensis lectin II 1/100 (MAAII, Vector Laboratories) or biotinylated Sambucus Nigra lectin 1/200 (SNA, Vector Laboratories). Cells were washed once in PBS, fixed in PFA 4%, washed and incubated in PBS FBS 1% with 5μg/ml of Streptavidin-A488 (Life Technologies), for 1h at 4°C. Preparation were then processed for desmin staining as described above and were image using a Leica DM6000B microscope with a Photometrics CoolSNAP25 HQ2 camera controlled by the MetaMorph software. Images were processed using the ImageJ software.
For relative quantification of sialic acid expression by FACS, myoblasts and MDCK were plated the day before staining at 200. 10 3 cells/well in 6-well plates. Cells were detached by incubation in PBS EDTA 1mM for 15 min. at 4°C, washed in PBS and PBS FBS1% and incubated for 1h at 4°C in PBS FBS 1% with MAAII 1/100 or SNA 1/200. Cells were then washed 2 times in PBS FBS 1%, and incubated for 1h in PBS FBS 1% with 5μg/ml of Streptavidin-A488. After 2 washes in PBS FBS 1%, cells were fixed in PFA 4% and further processed for NCAM staining as described above. Samples were assayed using a Verse cytofluorometer (Beckton-Dickinson) and results were analysed using the FlowJo software.
Transmission electron microscopy
Myotubes and myoblast cultures were processed for electron microscopy as described previously [58] . Briefly, cells were fixed at 20 h PI in 2.5% glutaraldehyde, 0.1M cacodylate buffer overnight at 4°C and post-fixed in 1% osmium tetroxide, 0.1M cacodylate buffer. Samples were dehydrated through a graded ethanol series and incubated overnight in a mixture of 50% ethanol and then incubated in pure resin Epon and polymerized for 48h hours at 60°C. Ultrathin sections (70-80 nm) were performed with an ultramicrotome Leica UCT, stained with uranyl acetate and Reynold's lead citrate, and then observed at 80 kV accelerating voltage in a JEOL 1200EXII electron microscope equipped with an Eloïse Mega View III camera.
Correlative light and electron microscopy
Myoblasts and MDCK-SIAT cells were plated onto cellculture plates containing a glass insert with a grid (MatTek Corporation) at a density of 10.10 3 cells/cm 2 . The following day, they were infected at MOI of 30 pfu/myoblast using the protocol described before. After 20h for myoblasts, and 16h for MDCK-SIAT, cells were fixed in 3% paraformaldehyde (Sigma), 0.05% glutaraldehyde PBS for 30 minutes at room temperature. Samples were permeabilized and saturated for 15 minutes in PBS containing 0.2% bovine serum albumin (Sigma) and 0.05% saponin (Sigma). Samples were incubated in a mix of primary antibodies against NP (mouse, Argene) and desmin (rabbit, Abcam) for 2 hours in PBS containing 0.2% bovine serum albumin and 0.01% saponin, then in a mix of secondary antibodies against mouse (Vector) and rabbit (Pierce) in the same buffer for 45 minutes. After washing, samples were kept in PBS and imaged with an inverted Zeiss AxioPlan microscope with a Zeiss AxioCam and the Zeiss AxioVision software. Following fluorescent light microscopy, samples were fixed and processed for electron microscopy as described earlier.
RNA extraction and quantitative RT-PCR
At each time point of the kinetics, supernatants from myoblasts were removed and clarified by centrifugation (500g, 5 min) while cells were washed and harvested after incubation in Trypsin-EDTA (Invitrogen) and subsequent centrifugation (500g, 5 min). RNA was extracted from cellular and supernatant samples using the RNeasy Mini kit (Qiagen). Cells were lysed with 350µl of lysis buffer, whereas 150µl of lysis buffer were added to 200µl of supernatant samples. Subsequent steps were performed following manufacturer's instructions, using a final elution volume of 60µl.
Taq-Man quantitative RT-PCR was performed using the SuperScript III Platinum OneStep qRT-PCR system (Invitrogen), using 2.5µl of RNA (standard or RNA extracted form samples either undiluted or at a 1/100 dilution), with a final reaction volume of 10µl, in a LigthCycler 480 thermocycler (Roche). The following primers were used for specific amplification of a 155 bp portion of M viral RNAs: CTTCTAACCGAGGTCGAAACGTA (GRAM/7Fw) and GGTGACAGGATTGGTCTTGTCTTTA (GRAM/161Rv). The amplification product was detected using the following probe: TCAGGCCCCCTCAAAGCCGAG [5']Fam [3']BHQ-1 (GRAM/ 52/+). To quantify the absolute number of M copies in the samples, a titration curve was done using serial dilutions of RNA from an in vitro-transcribed plasmid containing the M sequence.
LDH release assay
Myoblasts and myotubes were infected at a MOI of 30 pfu/ plated cell. At 8, 48, 72, 96 or 144 hPI, supernatants were assessed for LDH enzymatic activity using the LDH Cytotoxicity detection kit (Roche). For each time point, non-infected cells were used as a negative control, and lysed non-infected cells as a positive control of LDH release. For cell lysis, 5µl of lysis buffer (Roche) were added in a control well. After 10 min of incubation, supernatants were harvested and clarified by centrifugation at 500g for 5 min. 10µl of each supernatant were diluted in 50µl PBS, and 60µl of the dye / catalyst mix (Roche) were added. After 20 min of incubation at room temperature, 30µl of the stop solution (Roche) were added and the absorbance at 490nm was measured. The percentage of LDH release, or cell permeabilization index, was then calculated according to the following formula: (A490 infected cells -A490 non infected cells) / (A490 lysed cells -A490 non infected cells).
Cytokine production after infection
Culture supernatants of infected myoblasts and myotubes were collected at 8 and 24 hPI, clarified and stored at -80°C. The concentration of 5 cytokines and 1 chemokine (IL-6, IL-8, TNF-α, IFN-α, IFN-γ and MCP-1) was then assessed in supernatants through simultaneous detection using the Luminex technology (Cytokine human Singleplex, Invitrogen), following manufacturer's instructions with half of the recommended amount of each reagent.
